Stereoisomeric molecules with opposite chirality, so called enantiomers, often vary regarding their sensory, pharmacological and toxicological properties. Such enantiomer specific effects play a central role in the development, testing and evaluation of drugs, pesticides and food related products. Accordingly, efficient techniques for separation of chiral mixtures into enantiopure compounds are of enormous practical relevance. Most current enantiomer separation methods are based on enantioselective interactions with an auxiliary substance which has to be developed and optimized for different chiral molecules in an elaborate and costly process. Here, we experimentally demonstrate the separation of micron sized chiral particles in a helical fluid flow which is created inside a microfluidic device patterned with slanted grooves. We observe that the retention time of particles in a helical flow field strongly depends on their chirality which leads to an effective chiral separation within the channel. Our experimental results are confirmed by numerical calculations which demonstrate how the coupling of rotational and translational degrees of freedom leads to differences in the trajectories of particles with opposite chirality. Since our separation mechanism does not rely on material specific interactions, this offers considerable advantages over existing methods. We expect that our approach can be also applied at nanometre length scales by using channels with smaller diameters and with an optimized geometry.
Introduction
Organic and inorganic molecules oen have a chiral structure or handedness, i.e. the molecule and its mirror image are not superimposable. Despite an identical chemical composition, the pharmacological and toxicological effects caused by le-and right-handed enantiomers are not always the same. 1 4 The variations can be subtle as e.g. in the case of limonene whose enantiomers have either an orange or lemon aroma. 5 However, dramatic differences can occur with thalidomide being probably the most prominent example:
6 while one chirality can treat morning sickness, the other was later found to be responsible for physical birth defects. Since chemical synthesis of stereoisomeric substances typically yields both chiralities in equal amounts (racemic mixture), pharmacological tests must be performed for each single enantiomer and, if necessary, only enantiopure products are approved for medical use. 7 This requires efficient and versatile methods for the separation of chiral molecules. Standard enantiomer separation techniques typically make use of chirality specic chemical interactions which allow separation of racemic mixtures by e.g., chromatographic methods 8 or capillary electrophoresis. 9 To avoid the development of chemical agents matching specic enantiomers, hydrodynamic shear or vortex ows, 10 16 lattice potentials, 17, 18 and polymer networks with imprinted chiral texture 19, 20 have been proposed as alternative separation media. Although hydrodynamic effects depending on the particle's chirality have been experimentally studied for different Reynolds numbers 21, 22 and recently observed even at micrometre length scales, 14 so far the separation of racemic particle mixtures has not been demonstrated.
Here, we experimentally and numerically demonstrate the principle of chiral separation in a helical ow eld at mesoscopic length scales. We use micron-sized chiral particles whose motion can -in contrast to chiral molecules -be individually followed by video microscopy which allows us to reveal how the coupling of rotational and translational degrees of freedom leads to chirality dependent retention times and thus to chiral separation.
Experimental system
Three-dimensional particles with right (R for rectus) and le handed (S for sinister) chiralities and dimensions of 6 Â 6 Â 6 mm 3 are made from photoresist SU-8 (MicroChem) by photolithography according to ref. 23 and labelled with green (R, 0.04 mg ml À1 Nile Red, Invitrogen) and blue (S, 0.1 mg ml À1 2.6-ANS, Invitrogen) uorescent dyes 24 (ESI Movie1 †) ( Fig. 1A and B) . Microuidic channels as shown in Fig. 1C with rectangular cross-sections and periodically arranged grooves at the top are created from thin layers of an elastomer (polydimethylsiloxane, PDMS) which are attached to microscope slides. 25 Application of a hydrostatic pressure of DP ¼ 5 Â 10 3 Pa to such devices by connecting the channel's inlet and outlet to reservoirs with different water levels leads to a helical ow eld whose circulating direction is determined by the orientation of the ridges relative to the pressure drop. 26 Typical particle concentrations for continuous and pulsed measurements ranged between 10 and 10 5 particles per ml. The particle motion projected onto the xy-plane was imaged using an inverted uorescent microscope coupled to a video camera. Particle numbers were obtained by digital video microscopy at a frame rate of 12 fps and an exposure time of 70 ms. At a typical ow velocity of 1 mm s À1 , particle images appear as green and blue streaks with approx. 10 mm of length (ESI Movie2 †). From the number of streaks the R : S particle ratio and the particle number averaged over channel segments of 1 mm are obtained.
Theoretical model and numerical simulations
The dynamics of chiral particles is modelled by the overdamped equations of motion 0
Here,r and4 represent the particle's translational and rota- (1) is sampled over different initial conditions and realizations of the thermal noise. Since the mean particle distance in our experiments is about 40 mm, direct particle interactions have been neglected in the simulations. Chiral particles are modelled by seven rigidly connected spherical beads of 1 mm radius which closely resembles the dimensions of the particles used in the experiments (Fig. 1A) . 
For the numerical simulations of the particle motion, rst the uid ow (in the absence of any particles) is computed in a part of the structured channel consisting of ve periods (in the x direction) by solving the Navier-Stokes equation for vanishing Reynolds number 28, 29 with no-slip boundary conditions at uid-solid interfaces and for a prescribed pressure drop over the channel length using COMSOL. Then, the resulting solution for the ow velocity and vorticity in the central basic period is periodically continued and used as the "external" ow eld to calculateF andT when numerically integrating the equations of motion eqn (1) . Integration is performed by using the Euler algorithm (time-step 1 ms or smaller), and collisions of the particles with the (hard) channel walls are treated by the so-called rejection scheme. 30 
Results and discussion
For the experimental demonstration of chiral separation, we injected a single pulse of a chiral particle mixture into a channel with a right handed ow circulation (Fig. 1C) . A spatially sharp dened pulse of high particle concentration was created via hydrodynamic gating 31 which is achieved by applying a timedependent pressure sequence to the cross-shaped inlet of the channel ( Fig. 2A and B) . The relative particle mixture and the initial total concentration of the pulse were determined from single particle tracking to be R : S ¼ 47 : 53 and 10 5 per ml corresponding to a volume fraction of 0.56%. Fig. 2C shows the measured arrival time distributions of R and S particles at different channel positions x for a pressure gradient of DP y 5 Â 10 3 Pa which leads to a mean particle velocity of approx. 0.85 mm s À1 . At x ¼ 32.5 mm, both distributions are rather similar which suggests that we have inserted a uniform particle mixture. With increasing x, we observe a broadening and a relative shi of the arrival time distributions of R and S particles. Obviously, right-handed (R) particles propagate in a righthanded ow eld faster than S particles. At x ¼ 942.5 mm, the fastest R particles arrive almost 200 s before the S ones. From  Fig. 2C , we estimate that about 25% of the injected R particles can be extracted without S impurities. For a quantitative understanding of why the velocity of enantiomers in a helical liquid ow depends on the particle's chirality, we numerically computed particle trajectories from the corresponding overdamped equations of motion eqn (1) . To compare the numerical simulations with experimental data, we rst studied the motion of spherical tracer particles with 1 mm diameter in a patterned microuidic channel with a righthanded helical liquid ow. Typical trajectories projected onto the xy-plane are plotted in Fig. 3A as symbols (experiment) and coloured solid lines (simulations) and show good agreement. As a result of the no-slip boundary conditions at the channel surfaces, the uid ow -and thus the particle velocity -becomes largely reduced at these regions. This is indicated by the shorter distance of the measured particle's positions which were taken at time intervals of t ¼ 21 ms. In contrast, particles traveling close to the channel axis have more than the double speed.
Since we obtain the full three-dimensional trajectory from the numerical computations, a more detailed analysis of the particle's motion is possible. We superimposed the particle's yz location at eight periodic x positions x i+1 ¼ x i + L (shown by the vertical dashed lines in Fig. 3A) . Such Poincaré maps provide a convenient representation of complex particle dynamics since they visualize typical particle orbits. Also, they illustrate the lateral particle distribution in the course of its transit through the channel. For spherical tracers the Poincaré map shows a rather uniform and uncorrelated particle distribution within the geometrically accessible channel cross-section. This is consistent with the fact that uids can be efficiently mixed in such patterned microchannels. 25 For chiral particles a different behaviour is observed. Most trajectories of R particles are conned to a rather narrow region close to the central channel axis (Fig. 3C) . The Poincaré map for S particles shows the opposite behaviour, i.e. a reduction of data points at the channel centre. Obviously, S particles prefer to travel closer to the channel walls (Fig. 3D) . To understand why the spatial distributions of R and S particles are different, one has to recall that particles always prefer those positions where their frictional losses with the surrounding liquid become minimal. Therefore, the velocity difference between the particle's surface and the uid is minimized. For R particles in a right-hand ow, this is achieved by moving close to the uid vortex centre. In contrast, the viscous friction for S particles becomes maximum in this region because segments of the particle's surface move even opposite to the uid ow.
Owing to the inhomogeneous velocity prole within the channel, any difference in the spatial particle distribution must lead to variations in the mean particle velocity. This is shown in Fig. 3E -J where we compare simulated (E-G) and experimentally (H-J) measured Poincaré maps of the particle velocity along the x direction versus their y coordinate. For spherical tracers, the numerical simulations predict a parabolic velocity prole which is also observed in the experimental data ( Fig. 3E and H) . In addition to such parabolic envelopes, pronounced chirality dependent features are present in the corresponding plots of R and S particles: for R particles, the simulations and the experimental data show a strong accumulation of data points around the channel centre at y ¼ 0 (Fig. 3F and I) . Due to the high ow velocity in that region, R particles travel with around 1050-1400 mm s À1 (Fig. 3F) . For S particles, no such accumulation at the channel centre is observed ( Fig. 3G and J) . As a consequence, they are preferably localized closer to the channel walls where their velocity is small. From the numerical simulations we nd that R and S particles are transported with an average velocity of 1200 mm s À1 and 1060 mm s À1 , respectively. This difference Due to the minimization of viscous forces, the spatial distribution of particles strongly depends on their shape and chirality. The filament like structures at the channel walls in (D) are signatures of deterministic particle trajectories (attractors) and arise from the coupling between translational and rotational degrees of freedom. Due to imperfections of the channel structure and a finite particle polydispersity, this effect is less pronounced in experiments. Corresponding Poincaré maps of the particle velocity along the x direction and their y position obtained from simulations and experiments for (E and H) spheres, (F and I) R particles, and (G and J) S particles.
allows for an efficient particle separation as shown in Fig. 2D , where we plot the arrival time distributions from simulated trajectories which show a good agreement with the experimental data in Fig. 2C . In addition to the position of the peaks, also the chirality dependent dispersion of the arrival time distributions is well reproduced. Due to the higher velocity variations observed for R particles ( Fig. 3F and I) , the corresponding distributions are much wider than those of S particles ( Fig. 3G and J) . Both the shi between the arrival time maxima and the chirality dependent dispersion lead to an efficient separation mechanism. Since the distributions of R and S particles at x ¼ 0 are experimentally not accessible, in the simulations we assumed Gaussian distributions with a standard deviation of 25 s each; under these conditions best agreement with the measured arrival time distributions at x ¼ 32.5 mm is obtained. The simulations predict an even higher separation efficiency compared to our experiments. We attribute these deviations to imperfections in the channel structure and a nite polydispersity in shape and size of the fabricated chiral particles. The overall good agreement, however, suggests that the separation of chiral particles with helical ow elds is robust. We also studied the separation efficiency as a function of the particle size, i.e. the bead radius r as dened in Fig. 1A . This is shown in Fig. 4A where we plot the average position hxi covered by R and S particles vs. r for the same conditions used in Fig. 2D . The position hxi increases with the bead radius until above r > 1.5 mm a saturation is observed, because then both particle types preferably move close to the channel axis where the ow velocity becomes maximal. We nd that the particle separation efficiency for our channel geometry becomes maximized around r ¼ 1.2 mm which is close to the particle dimensions used in our experiments (inset in Fig. 4A ). Fig. 4B shows the same data plotted vs. the Péclet number. Viscous forces are proportional to the velocity, therefore the mean particle position and the chiral separation efficiency increase monotonically with the increasing Péclet number. By simple scaling arguments one can estimate from Fig. 4 14 it can be estimated from the Hagen-Poiseuille equation that particles of about 120 nm can be separated in a channel with 3.2 mm crosssection and 3 cm length. We expect that this size limit can be further reduced by optimizing the geometry of the channels 32 where chiral separation is achieved. In contrast to our devices where only the upper wall was patterned, e.g. channels with circular cross-sections which are patterned on the entire inner surface 33 should largely pronounce the vorticity of the uid ow and thus enhance the separation efficiency for particles in the nanometre range. Fig. 4 Separation efficiency obtained by numerical simulations. (A) Average position of the injected particle pulse hxi after 1000 s in a right handed flow field as in Fig. 2D for R (green/light grey) and S (blue/dark grey) particles as a function of the bead radius of the model chiral particle (see Fig. 1A ). Green and blue areas correspond to the standard deviations s R and s S . The inset shows the particle separation efficiency h ¼ |hxi R hxi S |/(s R + s S ). Vertical dashed lines correspond to experimental conditions. (B) Dependence of hxi on the Péclet number Pe ¼ Lv/D with L the spatial period of the patterned channel, v the average fluid velocity in the x direction obtained from the mean value of the computed chiral flow field and D the particle translational diffusion coefficient. The inset shows the particle separation efficiency vs. the Péclet number. Vertical dashed lines correspond to experimental conditions, i.e. L ¼ 146 mm, D ¼ 0.08 mm 2 s 1 , v ¼ 580 mm s 1 .
